Aims/hypothesis Podocyte loss by apoptosis, in addition to favouring progression of established diabetic nephropathy, has been recently indicated as an early phenomenon triggering the initiation of glomerular lesions. This study aimed to assess the rate of glomerular cell death and its relationship with renal functional, structural and molecular changes in rats with experimental diabetes. Methods Male Sprague-Dawley rats with streptozotocininduced diabetes and coeval non-diabetic control animals were killed at 7 days and at 2, 4 and 6 months for the assessment of apoptosis, renal function, renal structure and the expression of podocyte markers and apoptosis-and cell cycle-related proteins. Results Glomerular cell apoptosis was significantly increased in diabetic vs non-diabetic rats at 4 months and to an even greater extent at 6 months, with podocytes accounting for 70% of apoptosing cells. The increase in apoptosis was preceded by increases in proteinuria, albuminuria and mean glomerular and mesangial areas, and by reductions in glomerular cell density and content of synaptopodin and Wilms' tumour protein-1. It coincided with the development of mesangial expansion and glomerular sclerosis, and with the upregulation/activation both of tumour protein p53, which increased progressively throughout the study, and of p21 (also known as cyclin-dependent kinase inhibitor 1A, CIP1 and WAF1), which peaked at 4 months and decreased thereafter. Conclusions/interpretation Glomerular cell (podocyte) apoptosis is not an early feature in the course of experimental diabetic glomerulopathy, since it is preceded by glomerular hypertrophy, which may decrease glomerular cell density to the point of inducing compensatory podocyte hypertrophy. This is associated with reduced podocyte protein expression (podocytopathy) and proteinuria, and ultimately results in apoptotic cell loss (podocytopenia), driving progression to mesangial expansion and glomerular sclerosis.
Introduction
Programmed cell death, a normal event in renal tissue homeostasis [1] , has been considered a major mechanism for resolution of glomerular hypercellularity in glomerulonephritis [2, 3] , but also for loss of cellularity and scarring in chronic renal disease [1, 4] . This is suggested by the enhanced apoptosis rate detected in human and experimental renal diseases [5] , including diabetic nephropathy [6] [7] [8] , and by its correlation with loss of renal function and structure [5] .
In diabetes, the apoptotic cascade might be specifically triggered by hyperglycaemia and stretching, through pathways involving formation of advanced glycation end products (AGEs) and reactive oxygen species and activation of nuclear factor κB; it is prevented by attenuation of oxidative stress [9] [10] [11] [12] .
Cell loss by apoptosis is preceded by cell cycle arrest, which may lead to either hypertrophy or death, depending on several factors, including the tumour protein p53/p21 (also known as cyclin-dependent kinase inhibitor 1A, CIP1 and WAF1) pathway [13] . The p53 protein, activated through post-translational modifications [14] , induces apoptosis via transcription-dependent and transcriptionindependent mechanisms [15] , whereas its downstream target p21 causes growth arrest by inhibiting the activity of the cyclin/cyclin-dependent kinase complexes [16] . Increased glucose-and AGE-induced p53 production and phosphorylation have been reported in mesangial cells [12, 17] . Likewise, p21 upregulation was detected in mesangial cells cultured under high glucose and in glomeruli from diabetic mice [18] , whereas diabetic p21-deficient mice exhibited neither glomerular hypertrophy nor proteinuria [19] .
Recent evidence has suggested that increased cell death rate in experimental type 1 and 2 diabetes is predominantly accounted for by podocytes, although apoptosis of mesangial and endothelial cells also occurs [10, 11] . Since podocytes are highly specialised and terminally differentiated epithelial cells, their loss by apoptosis is not compensated for by proliferation and triggers a sequence of events leading to glomerulosclerosis and tubulo-interstitial fibrosis [20, 21] , as shown in several forms of focal and segmental glomerulosclerosis [22] . Both cross-sectional [23, 24] and longitudinal [25, 26] studies in type 1 and 2 diabetic patients have shown that podocyte depletion is correlated with the degree of albuminuria and disease progression. Recently, reduced podocyte density [27] , and also urinary podocyte excretion [28] , were found to predict albuminuria more closely than the absolute decrease of podocyte number.
Podocyte loss by apoptosis, in addition to favouring progression of established diabetic nephropathy, has been recently indicated as an early phenomenon playing a central role also in the initiation of glomerular lesions [10] .
This study aimed to assess the rate of glomerular cell death in experimental diabetic nephropathy and to identify the cell type(s) involved. In addition, in order to verify the hypothesis that podocytes play a central role in the development of diabetic glomerular disease, we also evaluated the relationship of (podocyte) apoptosis with renal functional and structural changes, as well as the content both of podocyte markers and apoptosis-and cell cycle-related proteins.
Methods
Experimental design This study was approved by the local ethics committee and carried out in accordance with the Principles of Laboratory Animal Care (NIH Publication no. 85-23, revised 1985) and national laws. Adult (aged 8-10 weeks) male Sprague-Dawley rats (Harlan Nossan, Milan, Italy) were divided into the following groups: nondiabetic control rats and rats rendered diabetic by streptozotocin (55 mg/kg i.p.; Sigma Chemical, St Louis, MO, USA) [29] . Insulin-treated diabetic rats and rats showing spontaneous reversal of diabetes [30] served as control for streptozotocin effect. Rats were studied for 7 days and for 2, 4 and 6 months after initiation of the study (n=6 for both groups at each time point). They were placed in metabolic cages to collect urine; the next day, they were anaesthetised with intramuscular ketamine (60 mg/kg; Merial Italia, Assago, Milan, Italy) and xylazine (7.5 mg/kg; Bayer Italia, Milan, Italy), a blood sample was collected and the kidneys were removed. A sagittal slab was cut, fixed in 4% (vol./vol.) paraformaldehyde and embedded in paraffin. The remaining kidney tissue was used for glomeruli isolation by sequential sieving and total RNA extraction by the guanidine thiocyanatephenol-chloroform method using Trizol reagent (Invitrogen Italia, San Giuliano Milanese, Italy).
Glomerular cell apoptosis Glomerular cell death rate was assessed by immunohistochemistry, as previously reported [11, 31] . Sections were sequentially treated with: (1) Triton X-100 (0.1%, vol./vol.) for 10 min; (2) hydrogen peroxide in PBS (0.6%, vol./vol.) for 30 min, to quench endogenous peroxidase activity; (3) serum-free Protein Block (Dako, Glostrup, Denmark) for 10 min, to block non-specific binding; and (4) streptavidin/biotin blocking kit (Vector, Burlingame, CA, USA). Then, sections were incubated overnight at 4°C with a rabbit polyclonal antibody against the active form of caspase-3 (Promega, Milan, Italy), followed by a 1 h incubation with biotinylated goat antirabbit antibody (Dako) and a 30 min incubation with streptavidin-biotinylated horseradish peroxidase complex (StreptABComplex/HRP; Dako) at room temperature. Finally, sections were developed with 3,3′-diaminobenzi-dine (DAB, brown colour) in chromogen solution (Liquid DAB+; Dako) for 4 min and counterstained with haematoxylin. In the negative controls, the primary antibody was omitted. Sections of thymus were used as positive controls. The results were expressed as the percentage of total cells that stained for active caspase-3. The type of glomerular cells undergoing apoptosis was identified both topographically, by counterstaining sections with periodic acid-Schiff (PAS) to mark basement membranes, and by double immunohistochemistry using a goat polyclonal antibody anti-CD31/PECAM-1 (M-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA), a mouse monoclonal antibody against rat Thy-1,1 (Santa Cruz Biotechnology) or a mouse monoclonal antibody anti-synaptopodin (Progen, Wieblingen, Germany) to mark endothelial, mesangial and visceral epithelial cells, respectively. After staining for active caspase-3, cell type-specific antigens were unmasked with Antigen Retrieval Solution, pH 6 (Abcam, Cambridge, UK) or, in the case of CD31/PECAM-1, by enzyme digestion with Antigen Retrieval Kit (Abcam). Then, sections were incubated overnight at 4°C with the second primary antibody, followed by a biotinylated anti-mouse IgG (Vector; rat adsorbed) or a biotinylated anti-goat IgG (Abcam), for 1 h at room temperature. After a 30 min incubation with StreptABComplex/HRP, sections were developed for 8-10 min with Vector SG substrate kit for peroxidase (Vector; blue colour to distinguish from caspase-3 staining), intensified using DAB Enhancing Solution (Vector).
Metabolic parameters Body weights were measured biweekly, whereas blood glucose levels were assessed weekly with an automated colorimetric instrument (Glucocard Memory 2; Menarini Diagnostics, Florence, Italy) from blood obtained by tail venepuncture. Serum AGE levels were assessed by competitive ELISA, using a mouse monoclonal antibody against AGE-modified bovine serum albumin [11, 31] .
Renal function Serum and urine creatinine levels were measured by the Jaffé method [11, 31] . Total proteinuria was assessed by the Bradford method using the Bradford dye-binding protein assay kit (Pierce Chemical, Rockford, IL, USA). Albuminuria was measured by a kit (Rat Albumin ELISA Quantitation; Bethyl Laboratories, Montgomery, TX, USA). Both values were normalised by the urine creatinine concentration [11, 31] .
Renal structure Analysis of renal structure was performed by two pathologists blinded to the group assignment. PASstained sections were evaluated for glomerular sclerosis by a standard semiquantitative analysis and expressed as glomerular sclerosis index (GSI), as previously reported [11, 31] . Morphometrical analysis was performed using a custom-made, C-language macro written with the Optimas 6.5 image analysis system (Optimas, MediaCybernetics, Silver Spring, MD, USA). At least 100 glomerular tuft profiles per sample were evaluated. The number of cells per unit of glomerular tuft area was used as an indirect measure of cell population density [9] .Then, the glomerular areas were measured, the harmonic mean of the profile area (mean glomerular area [mGA]) was obtained and the mean glomerular volume (mGV) was estimated from it according to the formula of DeHoff and Rhines [32] . PAS-positive material in each of these glomeruli was quantified and expressed as a percentage of the glomerular tuft area (fractional mesangial area [fMA]). Finally, the mean mesangial (matrix) area (mMA) was calculated by the formula: (fMA×mGA)/100 [11, 31] .
Podocyte markers The glomerular content of synaptopodin, a component of the foot process cytoskeleton, and of the Wilms' tumour protein-1 (WT-1), a transcription factor participating in podocyte differentiation and maintenance of mature phenotype, was assessed by immunohistochemistry using the anti-synaptopodin antibody indicated above and a rabbit polyclonal anti-WT-1 antibody (Santa Cruz Biotechnology), respectively.
Apoptosis-and cell cycle-related proteins Transcripts of the p53 gene (also known as Tp53) were quantified by competitive RT-PCR [11, 31] and results were expressed as the ratio of p53 to β-actin mRNA levels. The following primers were used: p53: sense 5′-CTGCTTCAGCTA CACCGTGGC-3′, antisense 5′-GAGTCAGTGCACATAA CAGAC-3′; and β-actin: sense 5′-TCT-AGG-CAC-CAA-GGT-GTG-3′, antisense 5′-TCA-TGA-GGT-AGT-CCG-TCA-GG-3′. Protein levels of p21 and activated p53 were assessed by immunohistochemistry using a rabbit polyclonal antibody to p21 (Abcam) and a rabbit polyclonal antibody to phosphorylated (at Ser-15) p53 (Abcam), respectively.
Statistical analysis Values are expressed as means±SD; the percentage change vs control was also calculated. Statistical significance was evaluated by Student's t test for comparison between diabetic and non-diabetic rats, and by oneway ANOVA followed by the Student-Newman-Keuls test for comparison of diabetic and non-diabetic rats at different time points.
Results
Glomerular cell apoptosis Glomerular immunoreactivity for active caspase-3 increased significantly throughout the study in diabetic rats (19.5 -fold increment at 6 month vs 2 month time point, p<0.001) and to a much lower extent in non-diabetic animals (5.5-fold increment, p<0.001). However, the rate of glomerular cell death, which was negligible in both animal groups at 7 days and 2 months, was significantly increased in diabetic vs non-diabetic rats at 4 (2.7-fold) and at 6 months (fivefold) of disease duration (Fig. 1a-e) . Topographical identification of apoptosing cell types showed that podocytes accounted for ∼70% of excess cell death in diabetic rats, with the remaining 30% consisting of mesangial and endothelial cells (Fig. 1f) . Double immunohistochemistry provided similar results, although the percentage of apoptosing podocytes was somewhat lower, probably due to the progressive synaptopodin loss (see below) resulting in a certain number of undetermined cells (Fig. 1g-i) .
Metabolic parameters Diabetic rats showed impaired body growth, elevated blood glucose levels and progressively increased serum AGE concentrations compared with nondiabetic control animals ( Table 1) .
Renal function While serum creatinine levels did not differ between the two groups at any time point (Table 1) , proteinuria and albuminuria increased progressively with time in non-diabetic (p<0.01) and diabetic (p<0.001) rats; values were significantly higher in diabetic vs non-diabetic animals at all time points (2.0-, 3.1-and 3.6-fold for proteinuria and 1.8-, 2.3-and 2.8-fold for albuminuria, at 2, 4 and 6 months, respectively) ( Table 1) . No increase in proteinuria and albuminuria vs coeval non-diabetic rats was detected in diabetic rats treated with insulin or in rats showing spontaneous reversal of diabetes (Table 2) .
Renal structure Kidney wet weight increased (by 28%) only in diabetic rats between 4 and 6 months of disease duration (Table 1) , although the kidney weight/body weight ratio was higher in diabetic than in non-diabetic animals from 2 months. GSI increased with time in diabetic to a greater degree than in non-diabetic rats (fourfold vs 1.7-fold) and was significantly different between the two groups at 4 and 6 months (Fig. 2a) . While cell number per glomerulus decreased in diabetic vs non-diabetic rats only at 6 months (not shown), glomerular cell density decreased significantly with time in both groups (p<0.001), with significantly lower levels in diabetic vs non-diabetic rats at all time points (−19, −29 and −32% at 2, 4 and 6 months, respectively) (Fig. 2b) . Morphometrical analysis showed a progressive increase of mGA, mGV and mMA in both groups (p<0.001), with significantly higher levels in diabetic vs non-diabetic animals at all time points (23-112% increase) (Fig. 2c-e) . As a consequence, fMA increased with time only in diabetic rats (p<0.001), which exhibited higher values than the non-diabetic controls at 4 (by 15%) and 6 (by 67%) months of disease duration (Fig. 2f) . Morphometrical parameters in diabetic rats treated with insulin or showing spontaneous reversal of diabetes were similar to those detected in non-diabetic rats ( Table 2) . Fig. 1 Immunohistochemistry for active caspase-3 from representative non-diabetic and diabetic rats at 4 months (a, b, respectively) and 6 months (c, d, respectively) of disease duration; ×400 magnification. e Glomerular cell death rate in non-diabetic (open bars) and diabetic (closed bars) rats at times 0 (7 days) and 2, 4 and 6 months of disease duration. *p<0.05, ***p<0.001 vs the corresponding non-diabetic controls. f Topographic identification of glomerular endothelial cells (E), mesangial cells (M) and podocytes (P) by PAS counterstaining; g double immunohistochemistry for active caspase-3 (brown) plus CD31/PECAM-1 for endothelial cells; h Thy-1,1 for mesangial cells; and i synaptopodin for podocytes (blue) (all at ×1000 magnification). The arrows (f-i) indicate double-positive cells with typical topographical localisation. The arrowheads (g-i) indicate cells positive for active caspase-3 but not for specific cell markers. The asterisk (*) (i) marks a podocyte detached from the membrane and lost in the urinary space Podocyte markers Glomerular content of synaptopodin, but not WT-1, decreased significantly with time in non-diabetic rats (−37%, p<0.01). Conversely, both proteins decreased in diabetic animals throughout the study (−56%, p<0.001 and −29%, p<0.05, respectively), with significantly lower levels vs non-diabetic animals at all time points (−33 to −45% and −27 to −40%, respectively) (Figs. 3, 4) . No difference in synaptopodin content was observed in rats at 3 to 7 days after streptozotocin injection (Electronic supplementary material [ESM] Fig. 1 ) or in those in which diabetes was reversed, either spontaneously or due to insulin treatment (not shown), as compared with the corresponding non-diabetic controls.
Apoptosis-and cell cycle-related proteins Glomerular expression of the p53 gene did not change with time in non-diabetic rats, whereas it increased significantly in diabetic animals (p<0.001), with significant differences between the two groups at 4 and 6 months (Fig. 5a ), when immunoreactivity for activated p53 was detected only in diabetic glomeruli (ESM Fig. 2 ). Glomerular levels of p21 protein increased progressively (p<0.001) in non-diabetic and diabetic rats. In the latter group, it peaked at 4 months, when it was 13.6-fold higher than in controls, decreasing thereafter, although at 6 months it was still higher than in non-diabetic animals (+45%) (Fig. 5b, ESM Fig. 2 ).
Discussion
The assessment of glomerular cell death rate in diabetic rats indicated that apoptosis is a central feature of experimental diabetic nephropathy, in keeping with previous reports from Values are means±SD; n=6 ND non-diabetic rats, D diabetic rats, DI diabetic rats treated with insulin, DR rats showing spontaneous diabetes reversal ***p<0.001 vs the corresponding ND rats our group [7, 11] and other investigators [8, 10] . This is at variance with glomerular cell proliferation, which was not significantly affected in this experimental animal model of diabetes [7, 30] . Topographical localisation and double immunohistochemistry also indicated that podocytes are the predominant apoptosing cells under these conditions, although endothelial and mesangial cells are also lost. This confirms and extends previous observations [10] , which identified the cell type(s) undergoing apoptosis only topographically, and is also consistent with the finding that significant podocyte loss occurs in diabetic patients in parallel with progression of renal disease [23] [24] [25] [26] , although a relevant role for mesangial cell apoptosis cannot be ruled out. Our main finding is the demonstration that podocyte loss by apoptosis (podocytopenia) is not an early phenomenon, since it becomes detectable at 4 months and is particularly pronounced only at 6 months of disease duration, being preceded by reduction of podocyte proteins suggesting podocyte injury (podocytopathy). This is in contrast with the recent study from Susztak et al. [11] , who found a sharp increase in glomerular cell death rate by the TUNEL reaction in 4 week Akita and 8 week db/db mice, whereas it is in keeping with a previous report [8] on the db/db mouse model, which detected significant apoptosis, as assessed by caspase-3 cleavage and TUNEL reaction, in 16 week, but not 8 week animals. Thus, although the differences in the experimental models used may be important, we believe that the discrepancy between our results and others [11] may be explained, at least partly, by the higher specificity for apoptosis of caspase-3 cleavage/activation, as compared with nuclear fragmentation by the TUNEL method, which also detects necrotic cells. In addition, Susztak et al. [11] confirmed the early onset of podocyte apoptosis by showing a significant reduction of podocyte number, as assessed by synaptopodin and WT-1 staining. However, this Fig. 2 GSI (a), glomerular cell  density (b), mGA (c), mGV (d) , mMA (e) and fMA (f) in nondiabetic (open bars) and diabetic (closed bars) rats at times 0 (7 days) and 2, 4 and 6 months of disease duration. *p<0.05, **p<0.01, ***p<0.001 vs the corresponding non-diabetic control rats Fig. 3 Immunohistochemistry for synaptopodin from representative non-diabetic (a) and diabetic (b) rats at 2, 4 (c, d, respectively) and 6 months (e, f, respectively) of disease duration. Vector SG (blue) was used as peroxidase substrate, ×400 magnification. g Quantification of glomerular synaptopodin expression in non-diabetic (open bars) and diabetic (closed bars) rats at 2, 4 and 6 months of disease duration. **p<0.01, ***p<0.001 vs corresponding non-diabetic controls method cannot be considered to be a surrogate marker of podocyte loss (podocytopenia), but rather an index of podocyte injury (podocytopathy), as shown also by our data.
The concurrent assessment of changes in renal function and structure allowed us to compare the time course of apoptotic phenomena with that of events that mark the development and progression of renal disease in experimental diabetes.
Proteinuria, albuminuria, increased glomerular and mesangial areas, and reduced glomerular cell density were observed in diabetic rats from 2 months of disease duration, much earlier than the time when significant apoptosis was detected, which coincided with the initial increase in GSI and fMA. Thus, the reduced cell density was relative to the increase of filtration surface area. Taken together, these findings indicate that glomerular hypertrophy is the initial event in the pathogenetic sequence leading to the development of diabetic glomerulopathy, although podocytes participate in this cascade by undergoing sequential alterations as a consequence of glomerular enlargement. By increasing the filtration surface area, glomerular hypertrophy produces a similar phenotype to that seen with podocyte depletion, as reported in the aging rat [33] . To occupy this increased area, podocytes, which are not capable of proliferating, undergo a compensatory hypertrophy, which, according to the degree of glomerular enlargement and increase of filtration surface, progresses toward podocyte loss and glomerulosclerosis through the stages of 'nonstressed', 'adaptive' and 'decompensated' cell hypertrophy. This transition to podocytes loss is accompanied by progressive reduction of expression of nephrin and other podocyte proteins, as well as enlargement and effacement/ fusion of foot processes and proteinuria. In our study, in fact, altered podocyte machinery, as indicated by the reduced synaptopodin and WT-1 content, paralleled (and probably contributed to) proteinuria and preceded podocyte loss, which occurred later in the course of the disease and to a much lower extent. In this scenario, the finding that the development of the characteristic structural features of diabetic glomerulopathy, such as glomerular sclerosis and mesangial expansion, was coincident with the occurrence of significant podocyte apoptosis suggests that podocyte loss following compensatory hypertrophy plays a central role in Fig. 4 Immunohistochemistry for WT-1 from representative nondiabetic (a) and diabetic (b) rats at 2, 4 (c, d, respectively) and 6 months (e, f, respectively) of disease duration. DAB (brown) was used as peroxidase substrate, ×400 magnification. g Quantification of glomerular WT-1 expression in non-diabetic (open bars) and diabetic (closed bars) rats at 2, 4 and 6 months of disease duration. *p<0.05, **p<0.01 vs the corresponding non-diabetic controls Fig. 5 a Kidney cortex expression of p53 mRNA in non-diabetic (white bars) and diabetic (black bars) rats at 2, 4 and 6 months of disease duration, normalised to β-actin (by dividing the ratio of p53 cDNA/mutant [created by introducing a deletion into the original PCR product] by the ratio of β-actin cDNA/mutant according to the optical densities determined by scanning densitometry). **p<0.01 and ***p<0.001 for difference between diabetic rats and corresponding non-diabetic controls. b Glomerular p21 content in non-diabetic (open bars) and diabetic (closed bars) rats at 2, 4 and 6 months of disease duration. *p<0.05, ***p<0.001 vs the corresponding non-diabetic controls the progression from initial glomerular enlargement to the more advanced stages of the disease.
This interpretation, which is consistent with the observation that decreased podocyte density was a better predictor of albuminuria than reduced podocyte number in type 2 diabetic patients [27] , is further supported by the observation that the same sequence of events also occurred in the non-diabetic rats with increasing age, though to a much lesser extent, as initially reported [33] . In fact, both the glomerulus and the mesangium became progressively more enlarged in parallel with the increase of proteinuria and reduction of glomerular cell density and synaptopodin expression. Likewise, the increment in glomerular cell apoptosis was coincident with the increase in GSI and mesangial expansion. The unchanged cell death rate and synaptopodin expression at the time of diabetes induction and in rats that were treated with streptozotocin, but subsequently experienced a reversal of diabetes, either spontaneously or due to insulin administration, ruled out the possibility that protein and podocyte loss were caused by streptozotocin.
In diabetic animals, while p21 reached the maximal level at 4 months and decreased thereafter, p53 mRNA and Ser-15-phosphorylated p53 protein continued to rise during the 6 month period. These different profiles could be explained by the fact that, although p21 is a downstream target of p53, it is also transcriptionally activated by p53-independent mechanisms, involving other transcription factors and tumour suppressors that are activated or upregulated in diabetic nephropathy and participate in the pathogenesis of glomerular hypertrophy [34, 35] . These alternative pathways of p21 activation could prevail over the p53-dependent mechanism at 4 months, when p53 is only modestly upregulated. The trend of p53 and p21 upregulation is consistent with the finding that cell loss through apoptosis was preceded by glomerular enlargement, mainly due to TGF-β-and p21-dependent cell hypertrophy [36] , although other factors might also be involved, particularly in the early stages when p21 is not yet upregulated. Subsequently, the increased p53/p21 ratio and the activation of p53 through phosphorylation at Ser-15 observed at 6 months, together with changes involving the pattern of mitogen-activated protein kinase activation and the extent of reactive oxygen species production [37, 38] , could have driven the apoptotic phenomena. This view is in keeping with our previous report that ablation of p66 Shc , which is stabilised by p53 [39] , prevented diabetic glomerulopathy in parallel with attenuation of diabetes-induced oxidative stress and glomerular cell apoptosis [11] .
In conclusion, this study showed that podocyte apoptosis is not an early feature in the course of experimental diabetic glomerulopathy, since it is preceded by glomerular hypertrophy, which may decrease glomerular cell density to the point of inducing sequential hypertrophic changes of podocytes associated with proteinuria and reduced podocyte proteins (podocytopathy). This process ultimately results in podocyte loss by apoptosis (podocytopenia), which drives progression from initial glomerular enlargement to mesangial expansion and glomerular sclerosis.
